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ABSTRACT 


js 


In order to determine the shape of the Lonization curve in 
nuclear emulsions at values of °>100, we have measured the blobd 
density of relativistic electron tracks, The pv of the pair pro- 
duced electrons used was determined by multiple scattering. A 
total of 84.45 centimeters of electron track was bl4b counted and 
scattered, From fT = 100 to YT = 5400 the data were combined into 
14 points each with a statistical uncertainty on blob density of 
less than 1%. These points indicate a level "plateau" and show 


no deviation from this plateau within our statistical accuracy. 


Pions were used to estimate the minimum of the ionization curve, 


= 


and ratio of blob density plateau to blob censity minimum is 


5 


estimated to be 1,140 1 , 020. 
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Ie Introduction 

The classical theory of the energy loss of a charged particle 
passing through matter was developed by Bohr /1/ and later ex- 
tended quantum mechanically by Bethe /2/ and Bioch /3/. These 
theories predicted that the energy loss by ionization per unit 
path length was a function of velocity and charge. In particular 
the energy loss was to decrease approximately as L/w" to a minimum 
at v/c ~ 0.96. After this minimum the energy loss should loga- 
rithimically increase indefinitely due to relativistic effects 


on the electric field of the charged particle. Swann/4/ predicted, 


fae 
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however, that the increase in energy loss would be limited, i 
condensed substances, by the polarization of the medium, Quanti- 
tative calculations by Fermi /5/, treating the electrons in the 
medium as classic oscillators of one frequency, showec that the 
most probable energy-loss per unit path length should increase 

to and remain at some maximum value which depeade on the density 
of the medium, This maximum value was therefore called the 


tf 


"Fermi Plateau", and the polarization effect the "density effect. 


Fermi's theory has been extended and elaborated upon, using 
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multi-frequency theory, by Wick /6/, Halpern and Hall /7 
Schinberg /8/, and Sternheimer /9/; but these extensions show no 
significant difference at v™c and also predict a 
Although emulsion groups were eager to measure the relativistic 


and density effects in solid media, it was not until 1946 that 





Berriman introduced photographic emulsions that were sensitive 
to singly charged particles of minimum ionization, 


met with 
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The first attempts to measure the relativistic ris 
negative results. These early experiments are discussed by Price 
/10/. However, in 1950 Pickup and Voyvodic /11/ reported the 
first experimental indications of a relativistic rise, Corson 
and Keck /12/, McDiarmid /13/, and Morrish /14/ ceported the 

istence of an ionization plateau; but none of these experiments 
carried their measurements down to the ionization minimum, ‘Two 
more experiments published in 1952 showed a relativistic increase 
in grain density from minimum to plateau, but differed in the 
magnitude, Daniels et al /15/ reported a rise of about & 
while Shapiro and Stiller /16/ obtained an experimental ratio of 
+ 0),04. 
1.12-0.03. Stiller and Shapiro /17/ duplicated their experiment 
the following year using blob count instead of grain count as a 
measure of ionization and found virtually the same results-- 
a saturation of the curve at Y>100, and a rise above minimum 
of about 14%. Michaelis and Violet /18/ and Fleming and Lord 
/19/ also attempted to measure the ratio of ionization at plateau 
to ionization at minimum, In both experiments twe points were 
plotted: one near minimum and one near plateau, These experi- 
ments have, underlying their design, the implicit assumption of 
a constant Fermi plateau. Experimenters were now trying to 


measure two parameters: at what value of ‘“Y the "plateau" 





begins, and how far above the ionization minimum the "plateau" 
lies, The results of Alexander and Johnston /20/ are quoted as 
a value of grain density plateau/erain density minimum of 

1,133 + .008, and Jongejans /21/ has stated in 1960: 


It seems that a remarkable agreement exists about 
the ratio plateau to minimum; we find 


g, = 1.1294 .010 


on 


This value compared with 1.133 + 90.008 of Alexander 
and 1,14 + O05"or Scuiter. 





Recently an extensive study of the relativistic rise of grain 
density was carried out by Patrick and Barkas /22/, but their main 
attention was focused on the rise from minimum and transition to 
plateau, 

Theoretical studies /23-26/ were continuing, but the major 
effort was devoted to finding the exact shape of the curve in the 


interval during the relativistic rise and transition to plateau. 


If the ionization curve could be plotted accurately in this range 
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of ‘Y , the identification of particles with velocities 
range could be made, The rate of energy loss per unit path could 
be measured; and together with a measurement of velocity, would 
give the particle identity even on tracks which passed from the 
emulsions, It is not surprising that the plateau region was given 
relatively little attention. Price /10/ perhaps best sums up the 


prevailing feeling when he says: 





This is a field of work in which the theory was 
largely established well before any experimental 
verification was possible, and in which epecta- 
cular discoveries were neither expectedc nor 
obtained, 


a flat plateau, a decrease of the ionization loss at very high 
velocities, Furthermore, they stated that their experimental work 
was in agreement with their theory. Their data show a drop of 
severai per cent in the blob density of electrons in the region 
between ‘YL ~ 200 and Y =< 600 C= VAL ve“) in work done 
at the same time, the data of Stiller /28/ show a slight tendency 
to "peak" at Y ~ 750. Since previous data above “Y = 200 
had a statistical accuracy no better than 2%, earlier experiments 
were able neither to confirm nor to refute the Russian theory. 
With these facts in mind, we decided to attempt the task of gather- 
ing sufficient data to provide a statistical accuracy of 1% at 
high values of “Y° . Since the area of high TY had ore - 
viously been neglected, we decided to concentrate our efforts in 
this area and to take only enough data below YT = 100 to 


establish the fact that our measurements were sensitive enough to 
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detect any variation in the curve. The precis 
formulation of the experiment are given in the next section, 
We have multiple scattered a total electron track length of 


84.45 centimeters and counted 191,295 electron blobs, We find 





no significant evidence for a departure from a flat "plateau" in 


the cegion > 100, 





20 Formulation of the Experiment 

After the purpose of this experiment had been decided, it 
was necessary to formulate our exact procedures. Since we wanted 
to measure particles with T as high as possible, we chose to 
work with electrons. One source of these high Y electrons is 
pair production, using the gamma rays from the decay of neutral 


pions for initiation of the pair production. 
r -/7 A 
q? See, VHT 


The neutral pions are obtained from interactions cf high 
energy primary beam particles with nuclei in the emulsion. 
K. I. Alekseyeva et al /27/ used this same procedure, using 19.6 
Rev. protons as the primary beam particles. 

The choice of primary beam particles was made with two 
eviteria in mind. First, the beam energy should be as high as 


possible, since the number of neutral pions formed in the primary 


star (and hence the number of pair preduced electrons) is a func- 


th 


tion of the beam energy. Second, Shapiro /29/ indicates that the 
particles used for normalization should have Y > 100. Ts satisfy 
these two conditions, pellicles were used that had an incoming 
i beam of 16.2 + 0.6 Bev. This corresponds to Wo! 115 
and enabled us to use the primary beam particles as our normaliza- 


tion particles, Because of the source of electrons, an area one 


centimeter square located seven centimeters from the primary 





beam entrance end was chosen, This area was then scanned for 
electron pairs, There were 42 electron pairs found in pellicle 
§| -132, 67 in pellicle S| -133, and 72 in pellicle FI -134. 

The pellicles we used were from a 600 micron Ilford K-5 

% ° ° 2 ms (=) 

emuision stack which was exposed to a 16.2 +.6Bev %9[ beam 
at CERN in 1960, This stack was flown to Eerkeley, California, 
and developed there four days after exposure. Of the 1&0 pelli- 


cles in the stack, numbers 121 through 160 are at the United 
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states Naval Postgraduate School on loan from Dr. W 
at Lawrence Radiation Laboratory. 

Although it would have been desirabie to measure the rate of 
ionization loss over the entire energy range with a single species 


cule 


[bie 


of particle, electrons of energy less than 30 Mev ave diff 
to measure, This difficulty arises largely because at these energies, 
electrons suffer large multiple scatterings. Because of the strong 
scattering: (1) it is difficult to contain the electron in an 
emulsion for any significant lengths (2) the probability of in- 
advertantly shifting to another track is high; (3) it is difficuit 

to separate the background count from the true count; and (4) the 
measurement of the electron track length becomes somewhat sub- 
jective. We therefore used pions and protons from the primary 


stars as our source of data for Y¥ < 40. Although it was not 


Gs 
(0 
‘ay 
Q 


our intention to measure accurately the details of the vis 


plateau, we wanted to be sure that our measurements weré sensitive 
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enough to detect a rise, 


In order to calculate the pv values of the electrons, protoa 
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and pions, a program was written for th 
USNPGS, A discussion of this pregram, along with the program flow 


chart and printout are included in the appendices, Three physi- 


ack at least twice to »vrevent misidentificaticn., For 


iy 


electron Ci 


fast electrons the determination of py is complicated by the radi 


f, 


tive energy loss along the electron path. Im order to minimize 
errors resulting from this effect, no single electron track was 
‘scattered for more than 1.5 centimeters, and most were scattered 
for only 0.5 centimeters, Each competer program cutput was 
analyzed for bremsstrahlung effects (see appendices), and if a 


bremsstrahlung was suspected, the track was discarded, Furthermor 


the same segment of electron track used in the measurement af py’ 
was used in the measurement of blob density. Thus if some un- 


detected bremestrahlung did occur along the electron track, the 
blob density and the value of YT would be averaged cver the same 


range of pv. 


fr 


As a weasure of the rate of iomigation less 
blob density rather than grain density. The greater information 
content of other track parameters /22, 26/ is offset for near- 
minimum tracks by the ease and acevracy with which blob density 


data can be gathered, Accuracy in this sense means reproduci- 


bility. Price /10/ has stated that it is possible to obtain 





results by blob counting that vary by no more than 0.5% between 
observers. 

Although the rise from minimum to "plateau" might have been 
different had we used grain density, the shape of the 


should not change, That is, if a drop from "plateau" exists when 
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grain density is used as a measure of ionization, it will a 
exist when blob density is used, Therefore, all data in this paper 
is presented in terms of blob density. 

Two scanners were given the task of blob counting all tracks 
used, To prevent the need for calibration between the two scanners, 
each had two pellicles of her cwn, All blob counting in each pelli- 
cle was thus done by one observer. The electron and pion tracks 
were normalized to tracks of the primary piom beam at the same 

depth in the emulsion. Periodic recounting of random tracke showed 
that several months were required to reach a satisfactory reproduci- 
bility of 1%. Because of this effect, much of the data gathered 

in the early part of this experiment were eventually discarded. 

The data presented in this paper are from three pellicles. Addi- 
tional data from the fourth pellicle will be published at a later 


date, 
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a Measurement of particle velocitie 
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Multiple scattering measurements were made om each tra 
estimate the product of momentum and velocity, pv. The velocity 
and the corresponding value for Y wece then calculated, Scatter- 


ing measurements were performed on proton, electron, and pion 


(Q 
pric 


tracks wsing a Koristka R-4 microscope. The calculations were 


lished on a CDC 1604 computer; a program deseription, flow 
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accom 
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chart, and listing for which are included im the aopendices, 
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The same basic computation was used to estimate che value 





ue 
pv = : | (in Mew) 
373 D 
was used for calculations. The scattering constant, K , is chat 
Co 
appropriate for a cut-off without replacement at four times the 


d difference, D. The cell length, s, is in microns. 
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true mean seco 


The scattering constant was evaluated from the expressicns 
2 
Ko = 675 [0.090 + A272 Logy (55°}} 


where the constants are those given by Scott /31/ and adjusted 
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by Barkas /30/. The equivalent cell length, s', corrects fox 


the dependence of Kno on particle velocity and charge, The same 
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references supply the expression for the equivalent cs 
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for singly charged particles. 
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Noise was removed from the scattering measuerements for each 
track by two distinct procedures, The methods used were: (1) cell 
length variation /32,30/ using cell lengths of one, two, and three 
times the prime cell length, and (2) subtraction of a constant 


noisé appropriate to each observer, 


Using cell length variation the noig2 can be estimated from: 


aed =og 
—2 | 34 —- eA 

Noise squared (1,j) = 3o 5 4 \3+0./4 
ips 


a= 
In this expression 3A and jo are the means of the absolute 
values of the measured second differences using cell lenghts of 


i and j time 


= 


and j vary from one to three; 


fa 


s, The indices 


(4% 


9 
however L x j . The factor of 0.14 in the exponent comes 


at 


from considering the scattering constant as a function cf ceil 


Fis 


length, The noise was calculated using cell overlap combinations 
of (1,3), (1,2), and (2,3) times the prime cell length, The 


three values were compared for consistency but the value of noise 


using cell overlap of (1,2) was the only one used in estimating 
the true gignal, 

Repeated scattering measurements were perfcormed om the 16 
Bev primary pions by all observers. Fer pions of this energy, 


apparent scattering is almost completely moise. 
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noise, q, the true mean second differenc 


il 





was estimated from: 


2 = 2 
D= A” -q 


where 4 is the measured total mean second difference, Prime 
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cell lengths of 100, 250, and 500 microns wer 
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j= 


resultant noize found to be nearly independent of these cel 


All tracks were scattered twice, wsvally by different observers. 


Tracks which did not yield results in statistical agreement, 
either between observers or method cf ncise removal, were dis- 


carded cr rescattered, 

For fast electrons, the determination of py ts complicated 
by the radiative energy loss alomg the path of the electron. To 
minimize this, no electron track was scattered more than 1.5 cm, 
Further, any electron track which showed evidence cf a change in 


pv along the scattered length, either as a noticeable single 
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scatter or as indicated by the comowter program, was disca 
The computer divides each track into segments ten cell lengths 
long to facilitate the detection of changes in pv possibly caused 
by bremsstrahlung. (See app. I) 

Of a total of 362 electron tracks (181 pairs) Lecated in 
the scanned areas of the three plates, 225 were discarded because 


of detectable bremsstrahlung or because the length of track in 
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one péllicle did not allow a minimum of 20 prime c 


in addition to scatterimg each track twice, requiring agree- 





ment between methods in determination of D, and requiring that no 
detectable bremsstrahlung occur in the used portion of the track; 


all tracks used met 
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scattering to expect a sienal to noise ratio 2 leonora 
specific value of pv. 

The standard deviation, @ , cf pv determinations was esti- 
gs: IZ {32/3 where no is the number of orime cells, 


cis 


A is the degree of overlap, and f is taken From 


mated using 





Bie, 2 Overlap Form Factors 


ranged from 15 to 30 percent, 


p= 
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4, Measurement of tonization 


this experiment, The greater information content of other track 
parameters, such as grain density or mean gap length /34/, is 


offset for near minimum tracks by the ease and accuracy with which 


blob density data can be gathered, Bausch and Lomb miscroscopes, 
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1 magnification of about 16 x 100, equipped with coordinate 
Stages by the Lawrence Radiation Laboratory at Berkeiey, California, 


were used for blob counting. 


also a function of energy, care was taken to assure the scattering 
measurements for second differences and the average bict densities 
were obtained over the same portion and lengch of each electron 


track, Therefore if some undetected radiative energy loss occurred 


aiong an electron track, the ionization loss and the vaiue of v 


78 bt 
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are averaged over the same range of 
Blob count calibration curves for the three plates used are 
shown in Fig. 4. These curves describe the variation of blob 


+ 


density with 


Fane 


ton for each of che pellicies. To 


{A 


depth in the emul 


t 


obtain these plots, the pellicle thickness was divided into tentas 


and then the blob density of che primary pions within each tenth 


of pellicle thickness was determined, Each point represents 
about 12 tracks or 5,000 blobs. These tracks were ail Located 


i 





in the same region as the electron pairs, the variation in these 
curves for pellicles processed together, ciearly shows the need 


for careful calibration of each pellicle. (See subhead 7, Cricique) 


All blob density data were collected by twe svanners. All 
counting in a given plate was done by one, Both scanners were 
required to return periodically to their "normalization tracks" 


in blob counting. Changes did occur, and much cf the data gathered 


in the early part of the experiment had to be discarded because 
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of this. Several months were required to reach reproducibilits 
about one percent, It should be noted the two scanners had a 

continued systematic difference of about 3%, in their counts of the 

Same tracks. As a consistency check the shape cf one of the curves 
of Fig. 4, that for $]-134, was reproduced by each scanner. 


ged by rorm- 


fe 


The electron and pion blob densities were normai 
ing the ratio of blob density of a track to that of the primary 
pions at the same depth in the emulsion. To select the primary 
pion blob density to be used for normalizing a given track, the 
initial and final depths in the emulsion for that portion of the 
track used in data gathering were determined, The calibration 
curves were considered as linear sections and a weighted averaze 
track depth was used to establish the depth in the emulsion of the 


primary pion to be used for normalization. 
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Di. Results 

The effect which this experiment was designed to detect was 
a 5% variation in ionization loss at values of Ae greater than 
200. For TY greater than 10, data were processed to provide a 
statistical uncertainty on all points plotted in Fig. 12, 13, and 
14 of 2% or less. At lower Y values, no statistical uncertainty 
exceeds 3%. 

To provide this degree of certainty, several tracks were 
combined to produce each data point, but each point represents 
only one type of particle. Tracks were added together, beginning 
with the lowest value of Y , until the sum of the blob count, 
N, for each point was such that 100x JS N/S N= 2% or 3% as des- 
cribed above, 

Since the 16.2 BeV pions ( Y 2! 115) to which the stack was 
exposed have an ionization loss which differs by less than 1% 
from the ionization loss of the plateau, the blob count for these 
tracks was selected as the value to which all others should be 
normalized. The effect of normalization on the data for each plate 
is illustrated by comparing Figs. 6, 7, and 8 with Figs. 9, 10, 
and 11 for plate numbers 132, 133, and 134 respectively. 

The following relations describe how the normalized mean 
blob count, C, the ordinate of Figs. 12, 13, and 14, was 


determined for each point. 
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Number of blobs in the ith track 


Z 
ul 


Number of blobs in the same length of 16.2 BeV pion track 


Zz 
tl 


m, = Number of blobs per 100 microns of track 


Number of blobs per 100 microns of 16.2 BeV pion track 


=) 
It 


=| 
it 


N./m, 
L 1 


ee JN; 
c, = n,/n =N./m,n_ ore, = assuming N, has 
i‘ o i GO io i 


a statistical uncertainty of YN, : 


T “Cc, ) = N, /mn® 


The c is the average of the c.'s weighted according to the inverse 


square of the statistical uncertainty. The summation is over the 


number of tracks involved. ”) 


b No | 
= amine = \ ql 
ct (c ¢ ) N e Nn : 
ose! a a. ee 


¢*(c3) Ne i\ 2 


i 





O| 


Pac > oi Ni 2 


or C= N: since (n* /n ) adjusted only the third 
decimal place of the normalized blob count, Therefore each track 
is weighted according to the number of blobs counted, 

The value of v for a given point represents the arith- 
metic average of the values found for each track represented by 
that point. On the plateau, the maximum spread of the values 


represented by any given point is 22% of the value at that point. 


We 





(Fig. 14, plate 134, T = 2600.) A typical spread is about 10%. 
Thus the points are separated by a distance somewhat greater than 
the error in ae 2 

These processes were used for determining the YT and normal- 
ized blob count of each point for each of the three plates, sepa- 
rately, to produce the curves of Figs, 12, 13, and 14. Combining 
these plates by superimposing the plateau regions produced the 
curve of Fig. 5. This method of combination was dictated by the 
overwhelming statistical weight associated with the information 
in the plateau region as compared to the information in the re- 
mainder of the curve. (For electrons, a total track length of about 


84 cm, was examined, ) 
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O. Comparison with theory and other experiments 

As was described in Subhead 1, the relativistic rise ty 
plateau has been investigated by many persons, In 1950, Pickup 
and Voyvodic /11/ reported indications of a relativistic increase 
in grain density of about 10% to a plateau starting at . 20. 
Similar results were obtained by Daniel et al /15/, In 1953 
Stiller and Shapiro /17/ reported a 14 + 3% rise to plateau. In 
our experiment, as in Stiller and Shapiro's, blob densities were 


substituted for grain densities toe simplify counting and facilitate 


F335 
fa 
‘my 
re 
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reproducibility among observers. The magnitude of the relativi 
rise of blob count determined was 1+ + 2%. in our experiment. 

The rate of rise to the plateau and the constant vaiue on 
plateau indicated by our results is essentially the same as thet 
determined by Stiller and Shapiro and many others but extends the 
investigated region on the plateau to higher values of YT . The 
effect noted by Alekseyeva et al /27/ was not observed. 

Our data are entirely consistent with the theory as determined 
by Halpern-Hall /7/, and Sternheimer /9/, with the plateau begin- 
ning at a greater than 100, This indicates a deviation from 
the theories of Daniel et al /15/ and Morrish /14/ which predict 


a plateau beginning about = 20, 





Tae Critique 

Although the data seem to be in good agreement with currentiy 
accepted theory, there are possible sources of error which could 
obscure a departure from a flat plateau of ionization loss, These 
are the determination of Y from multiple scattering measure- 
ments and the variation of blob density with depth in the emuision, 

To check for systematic errors in our scattering data, the 
pellicles were taken to the Lawrence Radiation Laboratory at 
Berkeley and a random sample of tracks was scattered on the Koristka 
MS-2 belonging to the Barkas group. Consistent agreement within 
statistical error was found, and we consider this the best evidence 
we have for thinking that our estimates of Y are not systemati- 
cally in error. 

Since our data were insufficient to allow restricting all 
tracks to a small fraction of the emulsion thickness, a correction 
was required to compensate for the variation of blob density 
with depth. (See subhead 4,) Although pains were taken in the 
normalization, one must recognize that the variation with depth 
is a severe handicap. Some encouragement comes, however, from 
the consistent results obtained from pellicles with rather 


different normalizing curves. 
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APPENDIX I 
SCATTERING PROGRAM 


This program was written for the purpose of calculating the 
pv of a singly charged particle in a nuclear emulsion, The method 
of multiple scattering is described in the section on determina- 
tion of velocity. Our program was written in Fortran 60 for 
specific use on a Control Data Corporation 1604 computer. A cis- 
advantage for use as a general scattering program is that in order 
to compute an equivalent cell length, an estimate of v/e must be 
made, The data printout format was designed so that the actual 
computer paper could be filed and kept as a record, During the 
course of the experiment, printouts were added when deemed aivan- 
tageous; until in its final form, the program outputs sufficient 
data to analyze the run. 

The following are the program inputs. On the first card of 
each run: 

Columns 1-3 Pellicle number 
Columns 5-7 Event number 

Columns 9-10 Prong number 
*Column 11 Scanner identification 
Columns 12-17 Date of scattering 
Columns 18-22 Primary cell length 


Columns 23-25 Number of Y coordinate readings 
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Columns 26-30 Estimate of v/c 


Columns 31-35 Microscope calibration 


* This number is used for filing and for choosing a personal 
noise reading written into the program, 


On the second card of each run are the following: 

Column 1 Number one if final track for this computer 
run; otherwise number zero, 

Column 2 Number one if computer is to calculate pv 
with both calculated and personal noise; 
otherwise number zero, 

Column 3 Always zero, 

On the following data cards there are eight coordinate readings to 
each card, one reading every ten columns, 

After reading the input cards, the computer calculates a moise 
reading; and using this noise reading, a value of pv. After a 
first run the program selects the personal noise reading for the 
individual doing the scattering, returns to the beginning, and re- 
calculates pv using this personal noise reading. The personal 
scanner noise was determined by having each person scatter the 
16.2 Bev pions of the primary beam, Cell lengths of 100, 250, and 
500 microns were used to scatter the pions; and since at these 
cell lengths the signal from a 16,2 Bev particle is virtually non- 
existent, any reading is noise, Enough tracks were scattered by 


each person to determine a mean value of individual noise. The 
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noise determined by this method was found to be independent of the 


cell length used, 


The program outputs were selected so that crosschecks could 


be made, 


The outputs were: 


The number of Y coordinate readings. 

The Y coordinate readings. 

All calculated second and third differences--if a 
second or third difference was cast out by the guillo- 
tine method, the corresponding second or third dif- 
ference will print out as zero, 

Number of readings cast out by the guillotine method-- 
This output, together with output 3, can sometimes 
pinpoint a bremsstrahlung along an electron track. 
Mean second and third differences--The calculation of 
second and third differences is made for primary cell 
lengths, double overlapping cell lengths, and triple 
overlapping cell lengths. There are six corresponding 
values of mean differences and cast outs, 

The three calculated values of noise--Noise was calcu- 
lated using primary and double cell lengths, primary 
and triple cell lengths, and double and triple cell 
lengths. Only the first value was used to compute pv, 
but the other two were printed out as a one pene 


check, 


os 





te The actual second difference signal--This value is the 
square root of the mean second difference squared using 
primary cell lengths minus the calculated noise squared 
using primary and double cell lengths. 

By The signal using the mean third difference and the 
ratio of outputs 7 and 8, 

oi The three values of pv (using the three mean second 
differences), the estimated statistical error, and the 
signal to noise ratio, all using calculated noise, 

10, The three values of pv, the estimated statistical 
error, and the signal to noise ratio, all using personal 
Scanner noise--If outputs 9 and 10 did not agree within 
the estimated statistical error, the track was either 
rescattered or discarded. 

Lis The mean second differences for primary cell lengths 
divided into segments of ten consecutive second dif- 
ferences--This output was found to give the best 
indication of a bremsstrahlung along an electron 
track. A bremsstrahlung can be suspected when the 
mean second difference increases to a higher value 
between successive segments, and then remains at 
this higher value in succeeding segments. 

There is one noteworthy aspect to this program. In some 


situations the calculated noise can be a negative number. Since 
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this situation has no physical significance, the calculated noise 
is set equal to zero, When the computer is later asked for a 
ratio of signal to noise, it can be troublesome, This situation 
can be programmed out, or it can be handled as we did, When the 
calculated noise from primary and double cell lengths prints out 
as negative, the signal to calculated noise ratio is ignored-- 


it is always infinite, 
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